ERCC2 is indispensable for nucleotide excision repair pathway, and its functional polymorphisms may be associated with cancer risk. In a large case-control study of 1126 esophageal squamous cell carcinomas (ESCC) patients and 1131 controls, we genotyped two SNPs in ERCC2 (rs238406 G . T and rs13181 T . G) and assessed their associations with ESCC risk. We found a significantly elevated ESCC risk associated with the rs238406 T variant genotypes (adjusted OR 5 1.30 and 1.24, 95% CI 5 1.02-1.66 and 1.03-1.49 for TG and TG/TT, respectively, compared with GG), particularly in the subgroup of those smoked more than 16 pack-years. Multivariate logistic regression analysis suggested a possible multiplicative gene-environment interaction between rs238406 genotypes and smoking (P interaction 5 0.026) on ESCC risk. Although no significant risk associations were observed for rs13181, further mini meta-analysis with our and 18 other published studies of 5,012 cases and 8,238 controls found evidence of an association between the rs13181 variant G allele and esophageal cancer risk (TG/GG vs. TT, OR 5 1.17; 95% CI 5 1.02-1.33). Interestingly, we consistently found a significant correlation between variant genotypes of these two SNPs and ERCC2 mRNA expression. These findings suggest that potentially functional SNPs in ERCC2 may contribute to ESCC risk.
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C hina is one of the countries with the highest incidence and mortality of esophageal cancer in the world. Esophageal squamous cell carcinomas (ESCC) account for 90% of all the cases in China 1 . Epidemiological studies have revealed that tobacco smoking, alcohol intake, nutritional deficiencies and dietary carcinogen exposure may contribute to the etiology of ESCC 1 , but only a small proportion of exposed individuals actually develop esophageal cancer, suggesting that genetic factors may also play a vital role in susceptibility to ESCC.
Internal and external environmental exposures, including physical, chemical, and biological carcinogens, can damage cellular DNA, resulting in changes of DNA structure and sequences, thus increasing genomic instability of proliferating cells 2 . At least four main, partly overlapping DNA repair pathways exist in humans for repairing DNA damage 2 . In mammals, nucleotide excision repair (NER) is the most versatile DNA repair mechanism responsible for removing a wide variety of helix-distorting lesions that intervene in base pairing and generally destruct transcription and normal replication 2 . Therefore, reduced DNA repair capacity (DRC) may confer susceptibility to cancer. It is widely recognized that the variation of individual DRC is determined by genetic factors, such as functional single nucleotide polymorphisms (SNPs) of the core genes in DNA repair pathways, which may be the molecular mechanisms underlying the inter-individual variation of DRC in the general population.
Excision repair cross complementing group 2 (ERCC2, also known as xeroderma pigmentosum complementation D, XPD), is one of the core genes involved in transcription-coupled NER 2 . The protein encoded by this gene has evolutionarily conserved ATP-dependent DNA helicase activity, responsible for unwinding DNA around the lesion site, a crucial step to initiate the NER process 3 . The ERCC2 protein also participates in DNA transcription as an integral member of the basal transcription factor BTF2/TFIIH complex 4 . The importance of ERCC2 is highlighted by the existence of three different disorders that are caused by hereditary defects in this protein, including cancer-prone syndrome xeroderma pigmentosum, Cockayne syndrome, and trichothiodystrophy 4 . Since the association of the ERCC2 Lys751Gln (rs13181) polymorphism with ESCC risk was first reported in 2002 5 , there are additional investigations of the association between Lys751Gln and risk of ESCC among different ethnicities [6] [7] [8] , but the results have been mixed or conflicting, likely due to a relatively small sample size in each of the published studies. Interestingly, published genome-wide association studies (GWASs) of ESCC in Chinese populations did not identify rs13181 SNP as a susceptible locus [9] [10] [11] [12] , perhaps owing to the stringent P values required to avoid false-positive findings, which dramatically decrease the possibility to reveal the modest effect of some common SNPs on risk of cancer, particularly for those SNPs that are potentially functional. Therefore, in the present study, we further investigated the association of two potentially functional ERCC2 SNPs, including rs13181, with ESCC risk in a large study of an Eastern Chinese population. In addition, we also explored the molecular mechanisms underlying the positive associations.
Results
Population characteristics. Population characteristics were described previously 13 . In brief, the cases and controls were adequately matched by age and sex. However, there were a higher proportion of smokers, drinkers and BMI , 25.0 in the cases than in the controls, which were further adjusted for in later multivariate logistic regression analyses (Supplemental Table 1 ).
Association between ERCC2 SNPs and ESCC risk. All the observed genotype frequencies for ERCC2 SNPs agreed with the HardyWeinberg equilibrium in the controls (P . 0.05). In the single-locus analyses, we found a significantly elevated ESCC risk associated with the rs238406 T variant genotypes (adjusted odds ratio (OR) 5 1.30 and 1.24, 95% confidence interval (CI) 5 1.02-1.66 and 1.03-1.49 for TG and TG/TT, respectively, compared with GG). However, these significant risk associations were not observed for the rs13181 SNP (Table 1) .
In the combined analysis, we categorized all putative risk (OR . 1.0) genotypes from each SNP into a new variable according to the number of risk genotypes (i.e., ERCC2 rs238406 TG/TT 1 rs13181 TG/GG). As a result, we found that individuals carrying ''$1'' risk unfavorable genotypes exhibited an increased ESCC risk (adjusted OR 5 1.26, 95% CI 5 1.03-1.54), compared with those carrying ''0'' unfavorable genotypes. Such a cumulative effect was dose-dependent, because the risk of ESCC significantly increased with an increasing number of the observed risk genotypes (adjusted OR 5 1.23, 95% CI 5 1.00-1.50 for one risk genotype; adjusted OR 5 1.56, 95% CI 5 1.10-2.21 for two risk genotypes; P trend 5 0.007) ( Table 1) .
In the stratified analysis, we found that those who carried the rs238406 variant TG/TT genotypes had a significant increased risk, particularly in males (adjusted OR 5 1.26, 95% CI 5 1.02-1.55), subjects with the cumulative smoking dose .16 pack-years (adjusted OR 5 1.58, 95% CI 5 1.17-2.13) and subjects with BMI $ 25.0 (adjusted OR 5 1.40, 95% CI 5 1.06-1.84). We also found that the increased risk was more evident in older subjects who carried the rs13181 TG/GG variant genotypes (adjusted OR 5 1.44, 95% CI 5 1.03-2.01). Likewise, we found similar results for those carrying ''$1'' risk genotypes among subgroups of older subjects, males, never-drinkers and subjects with the cumulative smoking dose .16 pack-years. However, further homogeneity tests suggested that there were no differences among all strata, except for subjects with the cumulative smoking dose .16 pack-years by the rs238406 TG/ TT genotypes (P for homogeneity 5 0.036) ( Table 2) , suggesting a possible interaction. Indeed, we did find a statistical evidence for a multiplicative gene-environment interaction between rs238406 genotypes and smoking (P interaction 5 0.026) on ESCC risk. We finally calculated the false-positive report probability (FPRP) values for all observed significant findings. With the assumption of a prior probability of 0.1, the FPRP values were 0.136, 0.192, 0.091, 0.096 and 0.094, respectively, for associations of rs238406 TG/TT genotypes, 1 combined risk genotype, 2 combined risk genotypes and ''$1'' combined risk genotypes with an increased risk of ESCC in all subjects, as well as in the subgroups of the cumulative smoking dose .16 pack-years. The FPRP values were all ,0.20, suggesting that these significant associations were noteworthy (Table 3) .
Meta-analysis of ERCC2 SNPs with ESCC risk. In addition to the present association study, we identified 18 other published casecontrol studies on ERCC2 rs13181 SNP [6] [7] [8] [14] [15] [16] [17] , with the sample sizes ranging between 151 and 1600, for which we performed a mini meta-analysis to assess the association of this SNP with ESCC risk (Supplemental Table 2 ). We found that the rs13181 variant G allele was significantly associated with an increased risk of esophageal cancer (OR 5 1.17; 95% CI 5 1.02-1.33 for TG/GG vs. TT) based on 5,012 cases and 8,238 controls in the pooled analysis as well as in subgroup analysis of these ESCC studies (OR 5 1.19; 95% CI 5 1.01-1.40 for TG/GG vs. TT) (Table 4, Figure 1 ). The leaveone-out sensitivity analysis validated the stability of the results (data not shown). The shapes of the funnel plots seemed symmetrical, and Egger's test further showed no publication bias (Table 4) . However, we were not able to do a similar mini meta-analysis for rs238406, because there was only one published case-control study on esophageal adenocarcinoma cancer in a European population 18 .
Correlation analysis for ERCC2 mRNA expression levels and variant genotypes. To explore possible underlying molecular mechanisms, we performed the ERCC2 genotype-phenotype correlation analysis using the available data on the genotypes and mRNA expression levels of lymphoblastoid cell lines derived from peripheral lymphocytes from 270 people (ref. 43) . As a result, we found a statistical significance for rs13181 allele T R G on gene transcription expression (P trend 5 0.005 and 0.001 for CHB and all populations, respectively) (Figure 2) , which supports the finding of an association between this SNP and ESCC risk. For rs238406, however, we found a statistically significant trend for the allele G R T effect on ERCC2 mRNA expression in Europeans (P trend 5 0.011) but a borderline significance in CHB (P trend 5 0.098).
Discussion
In the present study, we found that two potentially functional ERCC2 SNPs (i.e. rs238406 G . T and rs13181 T . G) were individually or collectively associated with ESCC risk. We also observed a multiplicative gene-environment interaction between rs238406 genotypes and smoking on ESCC risk. Because many studies have investigated the associations between ERCC2 rs13181 T . G SNP and risk of ESCC cancer, we also performed a mini meta-analysis that provided additional statistical evidence of such an association. The ERCC2 gene, mapped to chromosome 19q13.3, comprises 23 exons and encodes 760 amino acids. Acting as a single-strand DNAdependent ATPase, and also a 59-39 DNA helicase, the ERCC2 protein participates in both DNA unwinding during NER and transcription initiation by binding to the transcription factor IIH via p44 19, 20 . Mutations in ERCC2 could result in transcription defects and abnormal apoptosis by reducing the BTF2/TFIIH activity, thus leading to a severe but variable depression of NER 21 . ERCC2 also has a second function that is involved in base excision repair (BER) of oxidative base damage of the transcribed strand of transcriptionally active genes 21 . It has been demonstrated that an increased risk for ESCC in Chinese populations was associated with reduced mRNA expression of ERCC2 as detected in peripheral blood mononuclear cells 22 . ERCC2 mRNA expression levels may also be of importance, as it has been shown that mRNA levels of ERCC2 are correlated with the DNA repair capacity phenotype in primary lymphoblasts 23 . Given the role of the ERCC2 gene in the DNA repair pathway, it is believed that some subtle alterations in ERCC2 gene functions are more readily tolerated. Individuals with inherited ERCC2 defects display their disease phenotype in a recessive genetic model, because only the homozygotes are prone to accumulate genetic damage and may have a marked predisposition to cancer. However, the present study found some dominant effects of ERCC2 SNPs on ESCC risk, perhaps owing to complex gene-gene or gene-environment interactions that may have some impact on genetic models for disease risk 24 .
This hypothesis needs to be tested in additional larger studies.
Previous studies found that ERCC2 rs238406 conferred susceptibility to cancers of the bladder 25 , lung 26 and other organs. Only one reported study focused on esophageal cancer and found no association between rs238406 and esophageal adenocarcinoma risk with only 56 European patients and 95 healthy controls 18 . In contrast, the present study included over 1000 cases and 1000 controls with a much improved study power and thus found a statistical evidence for a weak association between the rs238406 variant genotypes and increased ESCC risk. SNP rs238406, a silent polymorphism in codon 156 of exon 6, does not change the amino acid residue (Arg156Arg). It is therefore unlikely that the enzymatic function of ERCC2 is affected by this SNP. However, it is likely that these SNPs may influence ERCC2 protein levels through an effect on mRNA splicing as predicted by the SNPinfo software. Such a possible molecular mechanism is biologically plausible. For example, a silent A R T substitution at codon 399 (Val399 Val) of the phenylalanine hydroxylase Tables 2 and 3 . The omnibus chi-square test of the genotype frequency distributions reported in Tables 2 and 3. c Statistical power was calculated using the number of observations in the study and the OR and P values in Tables 2 and 3 . (PAH) gene is the major determinant for exon 11 skipping during the pre-mRNA processing step that thereby results in a phenylketonuria (PKU) phenotype 27 . Indeed, we found a trend for the rs238406 allele G R T effect on ERCC2 mRNA expression for different populations, indicating that it may be a potentially functional SNP. Alternatively, the SNP may be in LD with other untyped functional polymorphisms or with an adjacent susceptibility gene. For example, we found two SNPs (rs3810366 and rs2097215) located in 59 near gene are in high LD (r2 . 0.8) with rs238406. Furthermore, the region of chromosome 19q13.3, comprising the ERCC2 gene, encodes several other DNA repair genes, such as ERCC1, XRCC1 and LIG
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. Therefore, additional mechanistic studies are needed to unravel the molecular mechanisms underlying this observed association.
Some meta-analyses have reported that individuals carrying the SNP rs13181 (Lys751Gln) G variant allele had an increased risk of cancers of the lung 29 , stomach 30 , skin 31 and esophagus 14, 32 . Our metaanalysis not only confirmed the positive association with risk of esophageal cancer but also provided additional statistical evidence that the G variant allele was associated with an increased risk of esophageal cancer in Chinese populations. The rs13181 SNP, i.e., the T R G base substitution in exon 23, causes an amino acid alteration from lysine to glycine at codon 751, which leads to a complete change in electronic configuration of the amino acid and thus reduces DNA repair efficiency 33 . For example, the TT genotype was reported to be associated with a sub-optimal repair of chromatid aberrations induced by X-irradiation in breast cancer 34 . In the present study, we also found a significant trend for the rs13181 allele T R G effect on ERCC2 transcript expression levels in different ethnic populations, indicating that the ERCC2 rs13181 SNP may be a underlying genetic determinant of esophageal cancer risk.
The present study also identified that rs238406 SNP had a significant interaction with tobacco consumption in ESCC risk. NER is an indispensable pathway for the repair of bulky and helical distorting DNA adducts generated by tobacco smoke. Therefore, light smokers may have less DNA damage and less risk for developing advanced tumors stage and grade 35 , while in heavy smokers, the genetic effect may be accelerated by accumulated DNA damage induced by tobacco smoking. This hypothesis needs to be tested in larger studies that allow one to perform sufficient stratified analysis and to explore gene-gene and gene-environment interactions.
However, in recently published GWASs for ESCC [9] [10] [11] [12] 36 , these two ERCC2 SNPs were not among the reported top-hits, nor any SNPs in other DNA repair genes. There are some explanations for this. First, GWAS is bases on the theory that the common genetic variants are associated with common human diseases 37 . It is clear that most of the functional SNPs are believed not to be common, nor is cancer. Second, GWASs have an inherent ''multiple testing problems'' that often require the stringent P values to avoid false-positive findings. In that case, it would markedly decrease the power to detect the influence of common SNPs that may have modest impact on risk of cancer. Third, the lack of statistical power makes it difficult to interpret negative findings, such as for those DNA repair genes known to be involved in cancer etiology. These underscore the need to continue the search for such missing etiological factors in the GWAS dataset or in the combined analysis of several published GWASs in the future to identify additional causal but rare or functional variants. Forth, most published GWASs do not include comprehensive information about exposures for additional adjustment or stratification, so the actual associations may be either biased or masked. Indeed, Wu et al recently extended their GWAS findings by additional analyses for gene-environment interactions, in which they have discovered some new genetic contribution to ESCC through the analysis of interaction with alcohol consumption by performing a genome-wide gene-environment interaction analysis 9 . Moreover, GWAS is based on common tagging SNPs with the aim of not to capture all the ''causative'' but the ''representative'' SNPs. Therefore, Table 4 | Meta-analysis of the association between ERCC2 rs13181 polymorphism and esophageal cancer risk the present study is another extension to the investigation of functional SNPs in cancer etiology and to the needs of identifying additional evidence of biological mechanisms underlying the positive association findings.
In conclusion, the present study demonstrated that potentially functional ERCC2 SNPs may confer susceptibility to ESCC, possibly by the effects on ERCC2 mRNA expression levels, suggesting an important role of functional ERCC2 SNPs in the etiology of ESCC in Chinese populations. Nevertheless, some limitations should be addressed. First, because of tissue access constraint, we did not have the opportunity to examine the levels of ERCC2 mRNA in the target tissue from the study population. It is likely that the exact mechanisms by which the ERCC2 variant regulates the gene transcription activity in vivo are not the same as those observed in cell lines in vitro, which warrants additional in vivo mechanistic studies. Second, insufficient study power may be another concern in regard to some negative findings, particularly for the analyses of subgroups with small sample sizes, or for SNPs with a rare variant allele, such as the rs13181 G variant allele. For example, we failed to find any statistical evidence of an association between rs13181 and ESCC risk, but we did find such a statistical evidence in a subsequent meta-analysis of a much larger sample size. Third, we only investigated two potentially functional SNPs in the present study due to financial constraints. As we know, cancer is a complex disease for which any single SNP may not be sufficient for the prediction of the overall risk. Future studies should include more genes and more SNPs with more rigorous study designs for mechanistic studies.
Methods
Study subjects. The study populations were described in details previously 13 . Briefly, all subjects were genetically unrelated ethnic Han Chinese from Eastern China. The present study included 1126 cases who had newly diagnosed and histopathologically confirmed primary ESCC from Fudan University Shanghai Cancer Center (FUSCC) between March 2009 and September 2011. We also included 1131 cancer-free controls who were frequency matched to the cases by age (65 years) and sex, and who were randomly selected from those recruited at the same time period in the Taizhou Longitudinal Study (TZL) 38 . The overall response rate was 93% and 90% for cases and controls, respectively. Having signed a written informed consent, each participant provided information about demographics and environmental exposure history, including age, sex, ethnicity, body mass index (BMI), tobacco and alcohol consumption, and donated 10 mL venous blood sample, of which 1 mL was used for genomic DNA extraction. This research protocol was approved by the Institutional Review Board of FUSCC and the experiment on humans was performed in accordance with relevant guidelines and regulations.
SNP selection and genotyping. We selected two potentially functional SNPs located in the coding region (i.e., rs13181 T . G and rs238406 G . T) for genotyping, because rs13181 is one of the most reported non-synonymous SNPs that result in an amino acid change, while rs238406 is a synonymous SNP that has a putative function of splicing predicted by the SNP function prediction (FuncPred) software (SNPinfo, http://snpinfo.niehs.nih.gov/). In addition, these two SNPs also satisfy the following criteria: (1) minor allele frequency (MAF) $ 5% in Chinese Han, Beijing (CHB) descendants; (2) with low linkage disequilibrium (LD) of an r 2 , 0.8 for each paired SNPs. The LD analysis suggested that these two potentially functional SNPs also captured other 11 untyped SNPs (r 2 $ 0.8) within the ERCC2 gene (Supplemental Table 3 ). We extracted genomic DNA from blood samples and performed genotyping by using the Taqman real-time PCR method, as described previously 13 . The successful genotyping rate for both SNPs was greater than 95%.
Meta-analysis of ERCC2 SNPs with ESCC risk. To summarize the published data on these two SNPs, we searched two electronic databases (MEDLINE and EMBASE) for all relevant articles. We defined the search terms, inclusion and exclusion criteria as previously reported 39 . The last search update was on May 20, 2013. We chose the fixed-effects (Mantel-Haenszel method) or random-effects model (DerSimonian and Laird method) based on the heterogeneity test 40, 41 . When P value of the heterogeneity test was ,0.05, the random-effects model was used, which indicates the existence of heterogeneous effect sizes across all studies; otherwise, the fixed-effects model was more appropriate. We also conducted sensitivity analyses to evaluate the effect of an individual study on the overall risk of cancer and used the funnel plot and the Egger's linear regression test to examine potential influence of publication bias 42 . Because there were few reported studies on the association of rs238406 G . T SNP in the ERCC2 gene with ESCC risk, we could not perform its meta-analysis.
Correlation analysis for ERCC2 mRNA expression levels and variant genotypes. To provide possible underlying mechanisms, we analyzed the correlation between ERCC2 mRNA expression levels and variant genotypes. The genotyping data were from the HapMap Project (http://hapmap.ncbi.nlm.nih.gov/) consisting of 3.96 million SNP genotypes from 270 individuals of four ethnic groups (CEU, 90 Utah residents from northern and western Europe; CHB, 45 unrelated Han Chinese in Beijing; JPT, 45 unrelated Japanese in Tokyo; YRI, 90 Yoruba in Ibadan, Nigeria), and the data on transcript expression levels were from EBV-transformed B lymphoblastoid cell lines from the same 270 individuals (http://app3.titan.uio.no/ biotools/tool.php?app5snpexp) 43 .
Statistical methods. We examined the Hardy-Weinberg equilibrium for genotype distribution in controls by a goodness-of-fit x 2 test. We also used the x 2 test to assess the differences in demographic variables, risk factors and genotype frequency distributions between the cases and controls. We computed OR and their 95% CI from univariate and multivariate logistic regression models to estimate the associations of ERCC2 SNPs with ESCC risk, which were also evaluated in subgroup analyses stratified by demographic variables and risk factors. Finally, we performed linear regression model-trend test for the genotype-phenotype association analysis.
For significant findings observed in the present study, we used FPRP to assess falsepositive associations. We calculated FPRP with a favorite prior probability of 0.1 to detect an OR of 0.67/1.50 (protective/risk effects) for an association with genotypes under investigation. A FPRP value , 0.20 was considered a noteworthy association 44 . 
